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Abstract  15 
Arctic climate has experienced major changes over the past millennia that are not fully 16 
understood in terms of their controls and seasonality. Stable-data from ice wedges in 17 
permafrost provide unique information on past winter climate. Recently, an ice-wedge 18 
record from the Lena River Delta suggested for the first time that Siberian winter 19 
temperatures increased throughout the Holocene, contradicting most other Arctic 20 
 2 
paleoclimate reconstructions which are likely biased towards the summer. However, the 1 
representativeness of this single record and the spatial extent of its reconstructed winter 2 
warming signal is unclear. Here, we present a new winter temperature record based on 3 
paired stable oxygen (δ18O) and radiocarbon age data spanning the last two millennia 4 
from the Oyogos Yar coast in northeast Siberia. The record confirms the long-term 5 
winter warming signal as well as the unprecedented temperature rise in recent decades. 6 
This confirmation demonstrates that winter warming over the last millennia is a 7 
coherent feature in the northeastern Siberian Arctic, supporting the hypothesis of an 8 
insolation-driven seasonal Holocene temperature evolution followed by a strong 9 
warming likely related to anthropogenic forcing. 10 
 11 
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 14 
Introduction 15 
Currently, the Arctic climate faces significant changes, expressed by a rapid warming 16 
that is more pronounced than in other regions of the Earth (Serreze and Barry, 2011; 17 
PAGES 2k Consortium, 2013). A sharp decrease in sea-ice area and thickness, 18 
enhanced melting of glaciers and ice caps, as well as warming and thawing of 19 
permafrost illustrate the vulnerability of the Arctic under recent conditions and in 20 
 3 
particular for a predicted future warming (AMAP, 2011). Due to its importance for the 1 
global climate system, the Arctic is a key region to study past and recent climate 2 
variability and their environmental implications on different spatial, temporal and 3 
seasonal scales. 4 
The Russian Arctic is underrepresented in Arctic paleoclimate records (Kaufman et al., 5 
2009; PAGES 2k Consortium, 2013; McKay and Kaufman, 2014). Most records in the 6 
recent PAGES Arctic2k (McKay and Kaufman, 2014) and Arctic Holocene Transitions 7 
(Sundqvist et al., 2014) databases are based on biological proxies such as pollen and 8 
tree rings, which mainly record summer climate conditions. Hence, the reconstructions 9 
are either restricted or biased to summer conditions (Liu et al., 2014). But winter 10 
conditions, as obtained from ice wedges, are essential for a comprehensive assessment 11 
of past climate. 12 
Ice wedges are widespread in permafrost regions and form by thermal contraction 13 
cracking in winter and filling of cracks by snow-melt water in spring (Lachenbruch, 14 
1962). Due to this seasonality of cracking and filling, the contribution of summer 15 
precipitation can be excluded when analysing ice-wedge ice. Ice wedges can be studied 16 
using stable water isotopes (Mackay, 1983; Vaikmäe, 1989). As the meltwater in the 17 
frost crack refreezes rapidly, the isotopic signature of each resultant ice vein is directly 18 
related to atmospheric precipitation, i.e. snowfall in winter and spring, before snowmelt. 19 
Therefore, ice-wedge stable isotopes represent the climate conditions during the cold 20 
 4 
period of a year from December to May (Meyer et al., 2015), hereafter referred to as 1 
winter. 2 
Stable-isotope data from ice wedges have been used to reconstruct past climate in 3 
Siberian Arctic permafrost regions on glacial-interglacial timescales (e.g. Meyer et al., 4 
2002a; Meyer et al., 2002b; Vasil'chuk and Vasil'chuk, 2014; Wetterich et al., 2011; 5 
Wetterich et al., 2014; Wetterich et al., 2016), as well as centennial timescales for the 6 
Lateglacial (Meyer et al., 2010) and the Holocene (Meyer et al., 2015). Meyer et al. 7 
(2015) suggested a Mid to Late Holocene winter warming trend based on stable-isotope 8 
studies of ice wedges in the Russian Arctic Lena River Delta (Figure 1), a remarkable 9 
finding given that the majority of paleoclimate records show a cooling trend. 10 
To test whether the findings of Meyer et al. (2015) are also valid in a larger region and 11 
to test them with independent data, we present a new oxygen-isotope record from ice 12 
wedges at the Oyogos Yar coast in the northeast Siberian Arctic, about 570km east of 13 
the central Lena River Delta (Figure 1) (Opel et al., 2011). Our record is based on newly 14 
available radiocarbon ages of organic matter enclosed in ice-wedge samples used to 15 
generate a stacked record based on paired isotope and age information.  16 
 17 
Study region 18 
Oyogos Yar is on the southern coast of the Dmitry Laptev Strait in the permafrost 19 
lowlands of the northeast (Figure 1). The study site (72.7°N, 143.5°E) is located in a 20 
 5 
vast thermokarst basin that formed due to permafrost degradation of Late Pleistocene 1 
Yedoma Ice Complex sequences (Schirrmeister et al., 2011; Opel et al., 2017) during 2 
the Lateglacial to Holocene transition (Wetterich et al., 2009). The Oyogos Yar coast is 3 
subject to rapid coastal erosion (-6.5 ± 0.2 m a−1) (Günther et al., 2013) that leads to the 4 
development of steep coastal bluffs about 10 to 12 m high in the drained thermokarst 5 
basins (Figure 1). The thawed and refrozen Yedoma Ice Complex sediments are 6 
overlain by 1-2 m of lacustrine deposits that accumulated before the drainage of the 7 
former thermokarst lakes. The lacustrine deposits are covered by a distinctive peat 8 
horizon ca. 2 to 3 m below the surface and dating to 8 to 9 ky BP (Wetterich et al., 9 
2009). In the Late Holocene, palustrine polygonal deposits have capped the sequence 10 
and contain syngenetic ice wedges (Opel et al., 2011).  11 
 12 
[insert Figure 1] 13 
 14 
Material and Methods 15 
Fieldwork 16 
Sampling took place after surveying coastal bluffs (Opel et al., 2011) to identify suitable 17 
Late Holocene ice wedges. We cut by chain saw complete horizontal profiles at depths 18 
of 1 to 1.5 m below surface in high sampling resolution (2-3 cm) along the growth 19 
direction of two ice wedges (Oy7-04 IW2 and Oy7-11 IW1). The samples were melted 20 
 6 
on site and packed for further analysis. A complete horizontal profile of a third ice 1 
wedge (Oy7-11 IW7) was cut in blocks that were transported frozen to the cold 2 
laboratory for sub-sampling at low (4-6 cm) and high (1 cm) resolution. All three ice 3 
wedges were sampled less than 1 km apart. Additionally, we sampled ice veins from 4 
recently growing ice wedges (RIW) connected to the modern polygonal surface to 5 
capture reference records of modern wedge ice. 6 
 7 
Stable water isotopes 8 
To determine the stable-isotope composition, we used a Finnigan-MAT Delta S mass 9 
spectrometer with an analytical precision of better than ±0.1‰ for δ18O and ±0.8‰ for 10 
δD, respectively (Meyer et al., 2000). The δ18O and δD values of wedge ice are 11 
interpreted as proxies for local winter air temperatures (Meyer et al., 2015). The d 12 
excess (d=δD-8δ18O) (Dansgaard, 1964) indicates the evaporation conditions in the 13 
moisture source region (Merlivat and Jouzel, 1979). However, the involvement of other 14 
factors (atmospheric transport, moisture source changes, seasonality effects of frost 15 
cracking and snow-cover development) has to be considered. In our analysis we focus 16 
on stable oxygen isotopes (δ18O), which are commonly used in Arctic paleoclimate 17 
studies and therefore comparable to our record. 18 
 19 
Radiocarbon dating and stacking procedure 20 
 7 
To anchor the stable-isotope information in time, organic remains enclosed in 19 ice-1 
wedge samples were radiocarbon-dated using the accelerator mass spectrometry (AMS) 2 
facilities at the Leibniz Laboratory (Kiel University, Germany) (Grootes et al., 2004) 3 
and CologneAMS (University of Cologne, Germany) (Dewald et al., 2013; Rethemeyer 4 
et al., 2013). Conventional 14C ages were calculated according to (Stuiver and Polach, 5 
1977) and were calibrated using the tool clam (Blaauw, 2010) with the IntCal13 dataset 6 
(Reimer et al., 2013). We report the highest posterior density region (hpd) with its 7 
limits, its midpoint and probability (Table 1). All hpd ranges add up to 95%. One post-8 
bomb age was determined using the tool CALIbomb (Reimer et al., 2004) with 9 
F14C=1.2661±0.005 and post-bomb calibration dataset NHZ1. 10 
The age-model construction and stacking procedure follows Meyer et al. (2015). As 11 
every ice-wedge sample is dated with a separate 14C measurement and the chronological 12 
order between single ice wedges is not determined by their position, age models were 13 
constructed by repeated sampling of point estimates from the calibrated distributions of 14 
the ages. To account for the eﬀect of the age uncertainty on the proxy time series, 15 
10,000 age models were constructed. For every age model a proxy curve was estimated 16 
by linearly interpolating the δ18O values between the observed points. Finally, the 50, 17 
90 and 99% quantiles of the δ18O distribution for every point in time were calculated 18 
and plotted. 19 
 20 
 8 
Climate model simulations 1 
We analysed the monthly surface air temperature fields of seven simulations from five 2 
coupled climate models (CCSM4, IPSL-CM5A-LR, MPI-ESM-P, BCC-CSM1-1, 3 
GISS-E2-R) participating in the millennium simulations (past1000) of the third 4 
Palaeoclimate and the ﬁfth Coupled Modelling Intercomparison Projects (PMIP3: 5 
Braconnot et al., 2012; CMIP5: Taylor et al., 2012). The MIROC simulation was 6 
omitted because of an unphysical drift over the simulated period. 7 
We analysed the winter season, which we expect to be recorded in the ice wedges 8 
(DJFMAM), as well as the classical summer season (JJA) to represent the summer-9 
biased proxies. We analysed the simulations for the study area (72-73N, 126-144E) and 10 
show the multi-model ensemble mean. Time series covering the years 850 to 2005 were 11 
constructed by appending the 20C3M simulations to the hist1000 simulations. We 12 
corrected for potential offsets between both simulations by aligning the mean of the last 13 
years of the hist1000 simulation (1844-1849) with the mean of the first years of the 14 
20C3M simulations (1850-1854).   15 
 16 
Results 17 
Ice-wedge stable-isotope data 18 
We analyzed 485 samples from the three ice wedges; 107 samples from Oy7-04 IW2, 19 
123 from Oy7-11 IW1, 210 from Oy7-11 IW7 (high-resolution profile) and 45 from 20 
 9 
Oy7-11 IW7 (low-resolution profile). Additionally, 14 samples from eight RIW were 1 
analyzed to represent the most recent ice-wedge rejuvenation stages, i.e. modern ice-2 
wedge growth. Near the profile margins, isotopic exchange with enclosing sediments 3 
(Meyer et al., 2002a) can alter the isotopic composition. We therefore omitted 26 4 
samples from the profile margins that show distinct signs of isotopic alteration, i.e. 5 
strongly increased δ18O (Figure 2) and decreased d excess values, from the further 6 
analysis.  7 
The three ice-wedge δ18O datasets show similar statistical properties independent of ice-8 
wedge width or sampling resolution (Figure 2). The minimum δ18O values per ice 9 
wedge vary between -27.1 and -26.5‰, the maximum values between -21.6 and -20.7‰ 10 
and mean values between -25.1 and -25.0‰. The regression in δ18O-δD co-isotopic 11 
plots reveal slopes between 7.6 and 7.7, with intercepts between -2.2 and -0.8 and R2 12 
values of 0.99 for each profile. The RIW δ18O data vary between -24.4 and -18.2‰. The 13 
mean value of -20.7‰ equals the maximum value of ice wedge Oy7-11 IW7. The co-14 
isotopic regression slope is 7.8 and the intercept 3.2 (R2=0.99). The isotopic 15 
compositions of Late Holocene and recent ice wedges plot close to the GMWL (Global 16 
Meteoric Water Line: δD=8δ18O+10) (Craig, 1961), which suggests that major 17 
secondary isotope fractionation effects can be neglected. 18 
A common feature of all δ18O profiles is the predominance of low values (-27 to -25‰) 19 
in the outer parts of the profiles, i.e. the older ice-wedge sections (Figure 2). In contrast, 20 
 10 
the younger sections in the central parts of the profiles (except for Oy7-11-IW1), exhibit 1 
generally higher values δ18O values (above -24‰). The low-resolution profile of ice 2 
wedge Oy7-11- IW7 closely resembles the corresponding high-resolution profile 3 
(R=0.98, after bringing both to the same resolution). The δ18O maxima of the profiles (-4 
21.6 to -20.7‰) correspond to the δ18O values of the respective RIW δ18O values 5 
(Figure 2) and are relate directly to (i.e. underlie) the recent ice-wedge rejuvenation 6 
stages (Figure 5 in Opel et al., 2011).  7 
The ice wedges Oy7-04-IW2 and, in particular, Oy7-11-IW7 show symmetric δ18O 8 
profiles with the highest δ18O values and modern ages in the central ice-wedge part as 9 
mirror axes (Figure 2). In contrast, ice wedge Oy7-11 IW1 lacks symmetry, indicating 10 
peripheral ice-wedge development rather than central frost cracking and growth. 11 
 12 
[insert figure 2] 13 
 14 
Radiocarbon dating 15 
Radiocarbon ages cluster in two distinct groups: 14 out of 19 ages are from the last two 16 
kyr BP, whereas five ages range from 3.5 to 14 kyr BP (Table 1). The latter ages, which 17 
we now discuss in detail, likely represent older reworked organic material and are, 18 
therefore, excluded from chronology interpretation. The age of sample Oy7-11-Hy31 19 
corresponds to the initiation of the lacustrine phase in the thermokarst basin. Sample 20 
 11 
Oy7-04-247 contained only degraded organic material with very low carbon content 1 
(Opel et al., 2011). The ages of the peaty material in samples Oy7-11-138, Oy7-11-162 2 
and sample Oy7-11-Hy40 fit well to that of the distinctive peat layer (Wetterich et al., 3 
2009) about 1 to 1.5 m below the sampling depth and may therefore originate from this 4 
horizon (Opel et al., 2011). Relocation of older material may be caused by the upward 5 
bending of sediment layers close to the ice wedges (Figure 1). 6 
Generally, younger ages are related to the central ice-wedge parts with higher δ18O 7 
values, whereas the outer parts show older ages (Figure 2). Except for one age each in 8 
both symmetric profiles, all radiocarbon ages are in “logical chronological order” as 9 
implied by the schematic (i.e. central) ice-wedge growth model (Lachenbruch, 1962). 10 
 11 
Stacked δ18O record 12 
We used the paired δ18O and calibrated radiocarbon age information of the 14 ice-13 
wedge samples from all three ice wedges to generate a stacked δ18O record. We 14 
additionally added the mean δ18O value of RIW, related to the period AD2000-2007 that 15 
represents the most recent data point. The stacked δ18O record spans roughly two 16 
millennia. It exhibits a general increase in δ18O of about 1.5‰ per 1,000 years, with an 17 
unprecedented maximum obtained in the most recent samples (Figure 3). 18 
 19 
Discussion 20 
 12 
Oyogos Yar ice-wedge δ18O based climate reconstruction 1 
The predominance of ages younger than 2,000 years shows increased horizontal growth 2 
activity of the studied ice wedges at the height of the sampled profiles. This suggests 3 
relatively stable polygonal surface conditions in the thermokarst basin over the last two 4 
millennia, without substantial sediment accumulation and corresponding vertical ice-5 
wedge growth. Such stability is in line with field observations of ice-wedge shapes 6 
(Figure 1). It also indicates that the horizontal ice-wedge δ18O profiles are not 7 
significantly influenced by vertical ice-wedge growth and, therefore, are suitable for 8 
paleoclimatic interpretation. Their suitability is supported by the mean ice-wedge 9 
isotopic compositions close to the GMWL, indicating the preservation of climate 10 
signals in ice-wedge stable isotopes. In the following, we attribute the δ18O evolution 11 
recorded by the ice wedges to winter temperature changes as the stable isotope 12 
composition of Arctic precipitation depends mainly on local air temperatures (Meyer et 13 
al., 2015). 14 
 15 
[insert Figure 3] 16 
 17 
The stacked Oyogos Yar δ18O record shows a warming trend (Figure 3). This trend is 18 
also confirmed in each of the three ice-wedge δ18O profiles (Figure 2), emphasizing, 19 
that this millennial warming is not an artefact of stacking. 20 
 13 
The warming culminates in an unprecedented recent δ18O maximum attributed to the 1 
Arctic amplification of climate change. This recent δ18O maximum might be slightly 2 
amplified by substantial changes in the Arctic climate system. Slight changes in the 3 
seasonal distribution of precipitation may increase the contribution of isotopically 4 
heavier early and/or late winter precipitation to the total snowpack. Additionally, 5 
ongoing warming and associated decline of sea-ice extent and later freeze-up in the 6 
Russian Arctic may affect the δ18O-temperature relationship. Modelling results suggest 7 
that higher temperatures and lower sea-ice extent enhance local to regional evaporation 8 
(Faber et al., 2016). An increase of locally-derived moisture that is less depleted than 9 
water vapour transported over long distances may increase the δ18O values of 10 
precipitation. However, even though these processes may adapt the long-term δ18O-11 
temperature relation to recent Arctic climate change, they support the paleoclimatic 12 
interpretation of our δ18O stack.  13 
The Oyogos Yar δ18O stack shows a similar evolution as that of the Lena River Delta 14 
δ18O stack (Meyer et al., 2015), (Figure 3). Both reconstructions are significantly 15 
correlated to each other (R=0.52, p=0.01 accounting for autocorrelation and the 16 
interpolation before correlation), which is mainly due to the simultaneous strong 17 
increase of δ18O values in the last century. Both stacked ice-wedge records reveal that 18 
highest δ18O values of the Late Holocene correspond to radiocarbon-dated samples of 19 
post-bomb origin as well as actively growing recent ice wedges. 20 
 14 
However, the isotopic increase during the last centuries in the Oyogos Yar stack (3.5‰ 1 
increase between the mean δ18O before and after AD1800) is more pronounced than that 2 
in the Lena River Delta record (2.4‰). Interestingly, both the preindustrial (before 3 
AD1800) variability as well as this recent warming are amplified by a similar amount. 4 
The ratio of preindustrial standard deviations is 1.6 (Oyogos Yar: 1.1‰; Lena River 5 
Delta: 0.7‰), and the ratio of the recent warming amplitude is 1.5. 6 
The ice wedges that form the Oyogos Yar stack were studied less than 1 km apart, while 7 
the ice wedges that form Lena River Delta stack originate from a larger sampling area. 8 
Therefore, the higher Oyogos Yar variability is unlikely to be an artefact of mixing 9 
spatial and temporal variability but instead relates to a stronger climate variability in 10 
this region. This might be explained by its more northeasterly location and 11 
corresponding feedback effects, such as sea ice and polynya variability, that likely differ 12 
from the central Lena River Delta.  13 
The multi-model mean of the CMIP5 climate model simulations (Figure 3) shows a 14 
slight decrease in temperature until ~1750, followed by a warming for both winter 15 
(DJFMAM) and summer (JJA). This simulated winter cooling trend (-0.54K / kyr) 16 
likely relates to a combination of nonlinear responses to insolation, as well as increased 17 
volcanic forcing (PAGES 2k Consortium, 2013). The cooling trend is within the 18 
uncertainty of the Oyogos Yar ice-wedge trend estimate (850-1750, 0.3±1.8 (1se) 19 
K/kyr), demonstrating that the ice-wedge record is too coarse to infer whether the model 20 
 15 
overestimates the cooling trend. Interestingly, the model simulations clearly suggest that 1 
the Arctic winter warming in the last century is much stronger than changes in the 2 
annual mean (not shown) or summer (Screen et al., 2010). This is consistent with the 3 
strong warming observed in both ice-wedge records, and it explains why Siberian ice 4 
wedges as particular winter climate archives, despite their associated uncertainties, 5 
record the unprecedented warming. 6 
 7 
Implications for Late Holocene Arctic paleoclimatology 8 
To our knowledge the Oyogos Yar and Lena River Delta ice-wedge records represent 9 
the only available Late Holocene ice-wedge records that are dated to sub-millennial 10 
scale. Their similarity shows that the reconstructed winter warming trends are at least 11 
representative for the northeast Siberian Arctic. Case studies on Svalbard and the Yamal 12 
Peninsula (Vasil'chuk et al., 2015) as well as a review on ice-wedge isotopes across the 13 
Russian Arctic (Streletskaya et al., 2015) lack well-constrained geochronological 14 
information based on sufficient radiocarbon data of ice-wedge samples and are therefore 15 
of limited use for centennial- to millennial-scale paleoclimate reconstruction.  16 
It is noteworthy that the nearest millennial record based on tree-ring width from Avam-17 
Taimyr (Briffa et al., 2008), interpreted as June-July temperatures, lacks any long-term 18 
trend over the last two millennia. Shorter regional, i.e. northeast Siberian, tree-ring 19 
records from the Lower Lena River (MacDonald et al., 1998) and Indigirka (Hughes et 20 
 16 
al., 1999), interpreted as June and early summer temperatures, respectively, show 1 
warming trends over the past six centuries. However, interpreting long-term climate 2 
trends from tree-ring records is challenging (Cook et al., 1995). The nearest ice-core 3 
δ18O record to our study area, from Severnaya Zemlya (Opel et al., 2013), has been 4 
interpreted as a proxy for annual mean temperatures and does not show any long-term 5 
trend over the past millennium. However, these tree-ring and ice-core records show a 6 
cooling trend up to AD1850 due to the Late Holocene decreasing summer insolation. 7 
This is expected since all these reconstructions are biased towards summer. The 8 
pronounced warming they exhibit after AD1850 underlines the extent of the recent 9 
Arctic amplification to global warming. 10 
The reconstructed ice-wedge winter warming trend over the past two millennia clearly 11 
contradicts most other Arctic proxy records and compilations (Kaufman et al., 2009; 12 
PAGES 2k Consortium, 2013; McKay and Kaufman, 2014) (Figure 3). This likely 13 
relates to the climate response on the seasonally differing insolation forcing (Laskar et 14 
al., 2004). For winter (November to April, NDJFMA), insolation at 60°N has slightly 15 
increased, whereas for summer (May to October, MJJASO) it has decreased (Figure 3). 16 
Additionally, increasing atmospheric greenhouse gas concentrations (Joos and Spahni, 17 
2008) (Figure 3) may have contributed to the long-term warming already before and 18 
especially during industrial times. As pointed out by several studies, non-linear internal 19 
feedbacks from ocean, sea-ice and land-cover changes have an additional impact on the 20 
 17 
Arctic temperature evolution, in particular during winter (Braconnot et al., 2007; Zhang 1 
et al., 2010). Here, our winter δ18O stack, in combination with isotope-enabled climate 2 
models (Werner et al., 2011), might help to elucidate the strength of these feedback 3 
processes. 4 
 5 
Conclusions and outlook 6 
Our presented data highlight the potential of ice wedges in permafrost as promising and 7 
unique archives of winter climate. This is particularly important for the Holocene, when 8 
summers and winters show opposite insolation trends. The stacked Oyogos Yar ice-9 
wedge δ18O record shows a long-term winter warming over the last two millennia, with 10 
an unprecedented recent maximum. It independently confirms the results of Meyer et al. 11 
(2015). Our results imply that, the seasonality of climate archives and proxies needs to 12 
be better constrained before comparing proxy records with climate model results, in 13 
particular for the Arctic. Ultimately, a better understanding of the relationship of climate 14 
variations, variations in δ18O of the precipitation and the signal preserved in the ice 15 
wedges is needed to better quantify the reconstruction of past temperatures. More ice-16 
wedge studies are essential as well as new approaches for ice-wedge chronologies to 17 
increase the temporal resolution of ice-wedge-based climate reconstructions. 18 
 19 
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Tables and Figures 1 
Table 1: Radiocarbon ages of organic remains in Oyogos Yar ice-wedge samples and 2 
corresponding δ18O values. The excluded radiocarbon ages are given in brackets. The 3 
sample marked by the asterisk was calibrated with CaliBomb. Additionally the mean 4 
δ18O value of RIW is presented. 5 
Sample ID Lab ID Radiocarbon age 
[yr BP] 
Calibrated age 
midpoint of hdp 
[yr cal AD] 
Range of 
hpd 
[± yr] 
Probability 
[%] 
δ18O 
[‰; V-
SMOW] 
RIW - - 2003.5 3.5 - -20.7 
Ice wedge Oy7-04 IW2 
Oy7-04-205 COL 3997 1607 ± 49 BP 451 112 95 -25,5 
Oy7-04-242 KIA 35630 523 ± 46 BP 1417 31 66.6 -25.9 
Oy7-04-247 KIA 35631 (3518 ± 31 BP) -1838 86.5 95 -22.8 
Oy7-04-263 KIA 35632 412 ± 30 BP 1474 43.5 84 -22.7 
Oy7-04-267 KIA 35633 258 ± 51 BP 1544 60 37.2 -25.0 
Oy7-04-274 KIA 35634 488 ± 58 BP 1448 64.5 76.9 -25.8 
Oy7-04-290 KIA 35635 1479 ± 106 BP 547 171 91.6 -25.9 
Ice wedge Oy7-11 IW2 
Oy7-11-138 KIA 35636 (8959 ± 43 BP) -8221 55 49 -26.6 
Oy7-11-162 KIA 35637 (8300 ± 43 BP) -7365 119 86.6 -25.5 
Oy7-11-189 KIA 35638 857 ± 47 BP 1204 58 69.3 -23.0 
Ice wedge Oy7-11 IW7 
Oy7-11-719 KIA 40385 1858 ± 60 BP 152 106.5 87 -25.9 
Oy7-11-723 KIA 40386 1868 ± 36 BP 152 81 95 -24.9 
Oy7-11-740 KIA 40387 1081 ± 22 BP 978 36.5 68.9 -24.8 
Oy7-11-747 KIA 40388 1098 ± 24 BP 942 50.5 95 -25.4 
Oy7-11-796* KIA 40390 F14C 1.2661 ± 1981 1 84.0 -21.9 
 24 
0.005 
Oy7-11-820 KIA 40391 225 ± 25 BP 1661 19 43.6 -24.4 
Oy7-11-Hy27 COL 1925 1579 ± 43 BP 482 86.5 95 -23.9 
Oy7-11-Hy31 KIA 40393 (14200 ± 71 BP) -15342 227.5 95 -25.3 
Oy7-11-Hy40 KIA 40394 (6640 ± 51 BP) -5560 73.5 95 -25.3 
1 
 25 
 1 
Figure 1: Location map of the study region and photographs of the stratigraphy and ice 2 
wedges.  3 
 4 
 5 
 26 
 1 
Figure 2: Ice-wedge δ18O profiles with calibrated radiocarbon ages (years AD) and 2 
δ18O-δD co-isotopic plots for the three studied ice wedges from Oyogos Yar. Grey dots 3 
and lines as well as ages in brackets in the profiles refer to excluded marginal samples 4 
and excluded ages. Red stars represent the recent growth stages of ice wedges. For Oy7-5 
11-IW7 the thick blue line refers to the low-resolution profile. 6 
 27 
 1 
Figure 3: Oyogos Yar (Oy7) ice-wedge δ18O stack compared to Lena River Delta (LD) 2 
ice-wedge δ18O stack, modelled surface air temperatures for the study region (20-year 3 
running mean, anomalies relative to AD1961-1990), Arctic annual temperature 4 
 28 
anomalies (20-year running mean, anomalies relative to AD1961-1990) reconstructed 1 
(line) (McKay and Kaufman, 2014) and 60-90°N HadCRUT3 instrumental (dotted) 2 
(Brohan et al., 2006), greenhouse gas (GHG) forcing (Joos and Spahni, 2008) and 3 
seasonal insolation forcing (Laskar et al., 2004). The grey bands show the uncertainty 4 
caused by the radiocarbon dating, and the black dots show the δ18O values at the 5 
midpoint of the age distribution. 6 
